In platelets of Cs 2 Zn 3 S 4 with about 4% of the Zn substituted by Mn two nonequivalent centers of isolated Mn 2+ were observed in addition to a broad EPR signal near g = 2 which is assigned to clusters of interconnected MnS 4 units. The fine structure and hyperfine structure parameters for the single-ion centers (all in units of 1CT 4 cm -1 ) are: for centers I and II, resp. Center II arises from Zn sites of C 2 site symmetry while for center I assignment to either one of two sites with D 2 site symmetry is possible. The larger hyperfine splitting constants as well as the superposition analysis favor the larger sites which are not occupied by Zn, but are partly occupied in the analogous Mn (and Co) compounds. Superposition analysis yields the same value of + 0.12 ± 0.02 cm"' for the intrinsic zero field splitting parameter b 2 of the bridging MnS 4 units in both sites. g : is significantly higher than the free ion value indicating a higher degree of covalency than in Cds and CdGa 2 S 4 .
Introduction
Recently the superposition model [1] has been successfully applied to the second order zero field splitting (ZFS) parameters of the d 5 -ions Mn 2+ and Fe 3+ in a number of cases [2 -6] , Especially in cases of lower than axial site symmetry where the principal axes of the fine structure tensor are no longer fixed by symmetry a comparison of the angular variation of the splitting with that calculated from the distortion of the first coordination sphere can serve as a very lucid test of the validity and the possible limitations of this model provided the accuracy of the crystal structure data is significantly higher than the deviations from cubic symmetry, and host and impurity ion are of the same valence and of very similar size so that effects of local lattice relaxation around the paramagnetic impurity remain sufficiently small. The success of this model in such cases indicates that the zero field splittings of these ions are largely dominated by mechanisms which are confined to their first coordination shells, in contrast to electrostatic models which predict sizeable contributions from more distant ions. Increasingly positive values of the intrinsic ZFS parameters (i.e. the ZFS splittings per unit distortion) were found for Mn 2+ with increasing atomic number of the halide ligands [7] , Comparable data for chalkogenides and pnictides as ligands are still largely missing, partly due to lack of sufficiently accurate crystal structure data.
As part of a systematic investigation aiming at a test of the limitations of the superposition model and (in cases of its applicability) at the determination of the intrinsic ZFS parameters for different ligands we here report data for MnS 4 units of distorted tetrahedral symmetry where the sulfide ligands are bridging between two or more divalent metal ions. Previously, a marked difference between bridging and nonbridging fluoride ligands was observed in one case [3] . A crystal structure refinement as well as details of the crystal growth procedure for the host compound Cs 2 Zn 3 S 4 were recently reported [8] , comparable data for the analogous manganese compound are also available [9] . Due to occupation of sites of different symmetry by the divalent metal ions -an orthorhombic site of D 2 and at least one monoclinic one of C 2 point symmetry -this structure appears to be particularly well suited for a test of the model since its validity requires consistent results to be obtained for both sites. Furthermore, due to the layer structure any direct influences of the next-0340-4811 / 83 / 0200-165 $ 01.3 0/0. -Please order a reprint rather than making your own copy. nearest neighbor divalent cations are confined to the plane of these layers.
Experimental
Crystal platelets of a light pink color with about 4% of the Zn substituted by Mn were used. The orientations of the a-and b-axes in the plane of the layers were determined by X-ray precession photographs. EPR measurements were performed on a commercial Q-band spectrometer at room temperature, details of the experimental procedure and the evaluation of numerical data were previously reported [2] , [10] . Since the crystals are sensitive against humidity and air, they were handled in a glove box under dry nitrogen and were completely covered with the glue UHU-hart (UHU-Vertrieb GmbH, D-7580 Bühl) during the measurements. 
Results
In Fig. 1 an EPR spectrum for H 0 //b is shown. The broad (// pp 30 to 50 mT) and isotropic signal near g = 2 indicates the presence of a large proportion of the Mn 2+ in clusters of magnetically interacting ions.
In addition narrower sextets due to two crystallographically inequivalent centers of isolated Mn 2+ are also visible. They are labelled I and II. For rotation around the c-axis, center II could only be observed for orientations with the 6-axis approximately along the magnetic field, whereas for rotations around the b-axis both centers could be identified. The fine structure parameters, hyperfine splitting constants, ^-factors and orientations of magnetic axes are given in Table 1 . Due to the intense broad signal reliable values for A x could not be obtained, but they are expected to be intermediate between A z and A y , the values for maximum elongation and compression, resp. [11] . Thus they should fall within the limits of error of these extreme values.
Discussion
Apparently center II with noncoincidence of the magnetic z-and v-axes with crystal axes and presence of two magnetically inequivalent centers symmetrically displaced from the a-and c-axes is of lower site symmetry and can thus be identified with small differences remain for all orientations outside the limits of error of both EPR and crystal structure data (indicated by bars along the z-and j-axes). Thus this figure suggests that the Mn 2+ undergoes less compression in the ac plane than indicated by the crystal structure data for Zn 2+ . However, a complete agreement can always be obtainejd for any desired direction by a suitable choice of b 2 , and for sufficiently low site symmetries the overall agreement is also somewhat dependent on the choice of the values for the exponent t 2 and the normal Mn-X distance R 0 . The values of b 2 required for complete agreement along the 2-y-and x-axes, resp. (with the above choice of t 2 =l and R 0 = 246pm) are + 0.142; + 0.094 and -0.03 cm -1 , resp.; the change in sign for the .v-direction results from the fact that according to the crystal structure data the magnetic V'-axis (not the z-axis) is the direction of maximum distortion. But since b 2 is the ratio of the experimental splitting and a number derived from crystal structure data, a larger weight must be placed on the values derived for the directions of maximum compression and elongation.
Center I can arise from occupation of either one of two geometrically different sites with D 2 site symmetry. As shown in Table 2 , Zn exclusively occupies one type (called 4 b) while in the analogous Cs 2 Mn 3 S 4 Mn also occupies the second site 4 a partly [9] . The superposition analysis for center I in Fig. 3 is not consistent with Mn in 4 b sites because large differences between measured and calculated distortions along all three crystal axes (which coincide with the magnetic axes) result: While the largest splitting (z-axis) is found to coincide with the crystal c-axis, for site 4 b the smallest splitting (i.e. the magnetic x-axis) is predicted from the crystal structure data for this axis. Thus for this site all axes would be interchanged. In view of the very similar sizes of Zn 2+ and Mn 2+ and the nearly perfect agreement for the 8 g sites it is very unlikely that effects of local lattice relaxation around the Mn impurities are Fig. 3 . Comparison of the measured angular variation of the zero field splitting for center I (x x x) with those calculated for sites 4 a ( ) and 4 b ( ) for rotation around the c-axis (the magnetic z-axis). For the meaning of the numbers on the ordinate see Figure 2 . Since this is a rotation from v to x, the experimental curve in this case is given by -(b 2 + cos 2 <p • bt)/lb 2 where <p is the angle to the b (the magnetic y) axis. responsible. On the other hand, for site 4 a the r-axis is correctly predicted by the crystal structure data, but the .Y-and r-axes are evidently still interchanged.
With the value 5^ = 0.12 cm -1 previously obtained for the 8 g sites the agreement along the c-axis is practically perfect, but the geometry in the ab plane seems to differ significantly from that for the pure Cs 2 Zn 3 S 4 . We attribute at least the larger part of these differences to the fact that occupation of a normally empty (i.e. interstitial) site should change its immediate surroundings considerably. Two additional facts support assignment of center I to the 4 a sites:
a) The average Zn-S distance for site 4 b is considerably smaller than for the other sites (see Table 2 ). It is known that larger impurity ions preferentially occupy the larger lattice sites of a particular host ion. Examples are Fe 3+ in Al 2 Be0 4 [12] and Al 2 Si0 5 (cyanite) [13] , [14] . Also, in NaN0 3 and KCl a marked decrease of the distribution coefficients of larger alkali ions with increasing size was observed [15] . An occupation ratio of 20 between sites 4 a and 4 b would be sufficient to obscure presence of Mn 2+ in 4 b sites for the signal/noise ratios of our EPR measurements. This would require site preference energies between 25 and 30 kJ/mol for growth temperatures between 1000 and 1200 K. These are larger than the values calculated from the data for KCl and NaN0 3 for similar differences in size, but clearly these systems are too different to allow direct comparisons.
b) The hfs splitting constants A, for center I are markedly larger than for center II and thus indicate a larger average Mn-S distance for center I [11] , This is compatible only with site 4 a. for site 4 b smaller values should result.
Thus while none of these observations can be regarded as an undisputible proof, they all support Practically the same value of b 2 was also obtained for Mn :+ in ZnO [7] , but this is based on crystal structure data [19] of rather limited accuracy. Judging from the results for halides as ligands [7] a more positive value would be expected for sulfur compared to oxygen as ligand. The remaining differences between splitting and distortion diagrams in Fig. 2 and 3 may at least partly be caused by direct influences of next-nearest neighbors. The fact that these Zn neighbors are confined to the ah planes of the layer structure allows an at least qualitative test of this possibility. For the 8 g sites they should then cause a more negative value of the distortion (i.e. less compression) along a and a more positive one along b. The shortest Zn-Zn distances for this site are nearly parallel to the tf-axis, thus for this site a negative value of b 2 for Zn would be required to reduce the differences between splitting and distortion diagram. The shortest Zn-Zn distance for the 4a site acts along the b-axis, but here a positive value of b 2 for Zn would be required to reduce the difference between calculation and experiment. Finally, the 4 b sites have longer Zn-Zn distances so that in this case their influence should not significantly reduce the large differences. Thus unless the local lattice relaxation overcompensates direct influences of the Zn 2+ for the 4a site, the lack of perfect agreement cannot be ascribed to 
g-factors and covalency
As shown in Table 1 , the g-factors for both centers appear to be considerably anisotropic with values for g : significantly larger than the free electron value. For more ionic systems small and negative ^-shifts are normally observed. They can be rationalized assuming a small admixture of the excited 4 T|(P) into the ground state [20, 21] . Larger positive ^-shifts were previously also observed in binary [22] and ternary [17] chalkogenide systems. They can be explained within the MO formalism as a result of covalent admixture of ligand /^-functions into the metal 3d functions which effectively results in transfer of negative charge from the ligands to the central ion [20, 23] . Since this positive g-shift increases from sulfides to tellurides [17, 24] , it can be regarded as a rough measure of covalency. The values for Mn 2+ in Cs 2 Zn 3 S 4 are higher than in binary sulfides and in CdGa 2 S 4 . They thus indicate a higher degree of covalency for the Mn-S bonds in this layer structure than in other compounds with three-dimensional networks.
